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ABSTRACT 


Kinetic studies on the Zy (or Hf ) Cl^ alkali- 
chloride system has been one of the objectives of this 
investigation. It is carried out by means of trans- 
piration technique on a packed bed of the NaCl. The 
effect of time, temperature and pressure on the reaction 
rate is reported. Effects of presence of KCl in the bed, 
in weight percents, on the reaction rate has also been 
indicated. 

Fractional decomposition of Na2 Zr Cl^ and Na2 
Hf Cl^ leads to the separation of the two elements 
Zirconium and Hafmium due to the differences in their 
stabilities. To achieve this, a reactor has been designed^ 
fabricated and assembled. Definite operational data 
can be obtained by carrying out studies on this reactor. 



CHAPTER- ONE 


INTRODUCTION 

1*1 General 

Ziroonim ores always have Hafniuo, usually fron 
one? half to several percents depending upon the type of 
nineral. Bieitje elenents are sinilar in nature and behave 
liSsB isotopes of the sane elenent. This is due to the sane 
electronic structure of the two eleoents and nearly equal 
ionic radii due to lanthanide contraction on the ionic 
radius of Hafniica, Thus during processing of ores these two 
eloncnts always renain together unless Hafniun is removed 
by special methods of separation* Hafniun does not effect 
the mechanical strength or coriesion resistance of Zirconium 
.However, when a Zlrconiin all-oy is used in nuclear reactors 
as a cladding material of the fuel rods, even traces of Hf 
are very hamful as the element increases the neutron 
absorption cross section for scxae elonents* 

\ 

Hie usage of ^ryllium, Magnesiin & ALuminiin is precluded 
due to their low melting points* Thus it becomes necessary 
to use Zirconiin and^ reduce Hafniiza to less than 200 ppo to 
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TAliLE -I 

Wieiaal neutron absorption cross section of elenents 

used as core construction naterials ( Hafnlua as a 

a control rod naterial). 

Elenent 

Absorption cross section 
(barw 

Melting point 

(«c) 

Beryllitn 

a.aia 

1200 

Magneaiun 

0.063 

65i. 

ZirconiTUD 

0.180 

1045 

ALuniniin 

Q.230- 

660 

Niobim 

1.1 

2415 

Iron 

2.53 

1539 

Molybdenua 

2.5 

2625 

Copper 

3 

1083 

Nickel 


1455 

Titanium 

5.0 

1725 

Hafniun 

105 .0' 

2222 


aeferejQce S*M, Shellon, Metsillurgy of Zirconlua (Book), 
McGraw Hill Publication. 

* Barns is a unit for nuclear cross section 
1 Barn = 10 cn ^ 
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produce Zirconito of nuclear grade. 

A very large nuciber of techniques are available for 
renoval of Hafnim^ These fall nainly in two categories, 
vis, the physical nethods and the cheaical nethods. The 
fomer Includes processes such as solvent extraction, 
fractional crystallization etc. These iSiysical nethods 
have been nore sucessful, and therefore, are the basis 
of the industrial processes so far. Chemicei nethods 
involving, chenical reactions (usually involving various 
halides) have not yet been sucessfully exploited for 
production of nuclear grade Ziconlixi. 

Solvent extraction process extensively used to day 
to renove Hafniin frco Zircon iun is shown in a flow drawn 
in the fig. no, 1. The first step in process is the pro- 
duction of Zr ( Hf ) tetrachloride by high temperature 
gasceous chlorination of either Zircon- carbon conposites 
or Zirconiun carbide previously prepared by the carbo- 
themic reduction of Zircon. The chloride is purified, 
often in the presence of reducing agents to yield a 
high grade anhydrous zirconim ( hafniiia) tetrachloride 
^ aterial. The anhydrous tetrachloride is subsequently diss 
olved in an aquous nediiD and the composition of the resul 
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ting solution is adjusted with Large amounts of nitric add, 
thiocynic acid, aanoniua thiocynate and so forth in prepa- 
tion for the solvent extraction process. During the solvent 
extraction process the aqudus Zr (Hf) hearing concentrate is 
repeatedly contracted with an organic phase such as tributyj^ 
phosphate in kerosene or uethyl isobUtyl ketone (hexone ) to 
effect the seperation of the two elements • For either solvent 
extraction process, the Hafnitn free Zirconiun undergoes 
various precipitation-dissolution steps until it is finally 
obtained as h3n*rous aijpcoaiin oxide precipitate which is 
calcined and subsequently chlorinated to produce the zieco- 
niua tetrachloride feed for the kroll reactor. , 

A chenical nethod proposed schenatically for the sepe- 
ration of ZirconiuD- Hafniun, is based on the principle of 
the differences in the chenical stabilities of the conplexes 
fomed between solid or liquid halides and Zr(Hf)Cl!^ • Beca- 
use Hafniun conplexes are more stable than the corresponding 
zirconiin coopounds,, nore volatile Zirconiun tetrachloride 
is renoved with the vapour phase preferentially during disti- 


llation. 
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1*2 Galoro-haf nates and zlrconates of aPtall aetals 


Hexachloro con pounds of zirconium and hafnixja of the 

general chemical fomula Eg X Cl^, where M stands for allsali 

netals C Zi to Cs ) and X stands for zirconium and hafnium, 

have Tbeen identified in several phase d,tagraas studies of 

2—8 

systems, of the type MCI- XCl^ . Reactions leading to 
the fomation of double salts of allml^i metals may be written 


5 ^ 


= Hgxcie 


(i) 


The systems NaCl-HfCl^, KCl - Zr Cl^, KCL-Hfa^ 

CsCl- Zrd^ and CsCl- HfCl^ were studied by Morozov and 
Sun- In-Chuzhu in almost the entire composition range. These 
systems showed several common characteristics* In all the 
oases, two eutectics and a copgruently melting compound 
MJXCl^ obtained* • ^ list of the important features of 
this class of systems is given in Table II. Only those sys- 
tems fojT which informations are available in the entire 
composition range are included in the table* 


The MCI- M 2 XCI 5 pertioHi of such phase dlagrans, in 
particulai^jhave received considerable attention in the 
recent past because of the technological Importance of the 
compounds, MgXClg* Ihis region of the phase diagraa is 




GsCa-HfOl 590 81.6 30 2 34.9 820 
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is characterised by phases with relatively low vapour pressu-* 

res* The system therefore provides for a suitable electrolyte 

for electrolytic extraction of zirconium and hafniua aetal . 

The hexachloro compounds are also of interest frco the point 

of view of seperation of zirconim from hafnivn, A suitable 

technique for seperation nay be developed based on the differs^ 

nee in the themal- stabilities of the hafnium and zirconium 

compounds. The thexnal stability, which is characterised by 

the equilibria vapour pressure of tetrachloride over these 

11 

compounds was first investigated by Morozov and co -worker . 

The vapour pressure data indicated increasing stabilities with 

increase in the ionic radii of cations of the reacting metal 

cholorides • The order of stabilities was found to be J 

CsgZrGlg^ ^ZrCl^ '^NagZrClg, The same order prevailed for haf** 

2 

nium compounds also, Durtrizac and Plangas confiimed these 
findings later. 

1 .-3 General description of alkali chloride - 2r(af)Cl^ system 
Since the proposed scheme involved alkali chloride 
Zr(Hi),CL^ systems a discussion of some relevant information 
reported in the literature would be appropriate. 
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Liuthra, Majundar, Bhat & Beddy investigated 

these systeas to evolve a new process lor seperating 
hafniuD Iron asirconiun. The proposed nethod envisaged 
reaction "between gaseous nlxture containing ZrCl^^ and BEfCl^ 
and solid sodim chioride or pottassiun chloride in a packed 
bed flow reactor* It was lound that preferential fonaation 
of sodiita hexachlorohafnate led to enricliaent of gaseous 
phase with ziroonittn tetrachloride^ Ma^undar^ studied the 
effects of various paraaeters e,g. tenperature, flow rate, 
particle size and "bed length* The seperation efficiency 
^ , which is defined as 

Wt.- % J^rconiua in l/P A^t.-^J Hf inl/P 
was found to have increased by an Increase in bed length 
and by decrease in particle size and flow rate of the gas* 
Tenperature does not affect the seperation appreciably* 
Seperation coefficients higher than the naodynaaic ally 
possible were acheived in a nuaber of runs* 

Kinetics of the reaction of yapours of ZrCl^ and 
HfCl^ together as a nixture and sei^rately with solid 



Ln OU1 
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spheres of NaCl voere investigated hy Majuadar using 

gravlnetry aethods.This was done by measuring the weight 
changes of sodiiia chloride spheres using caliberated quartz 
springs* Foimulation of reaction mechanism was augmented by 
conducting inert marker experiments. The rate of fonaation of 
compounds e.g, NogZrCl^ and NagHfCl^ , were studie "i as a 
function of tetrachloride pressure, temperature and particle 
size* Under sinil.ar conditions the reaction with HfCl^ was 
invariably found to be slower* The data obtained in kinetic 
studies was tested against various heterogenous solid-gas 
kinetic models. Of these models Carter-Vale ns i model, which 
is diffusion in the product phase controlled gave a consisten- 
tly good fit. The possible reaction mechanisms have been 
postulated in the light of pressure and temperature dependence 
of the specific rate constant and the marker experiments* On 

the basis of the exi^rimental evidence, the transport of the 

Tv 

chlorine ic^s frraa the unreacted core towards the outer 
product-gas interface appeared to be the most likely reaction 


nechanisBs* It was presaned that material -transport coe: red by 


vacancy mechanism# Soth hexachlorohafnate and zirconate confqimed 
to the saae reaction mechanism within the experimental range. 
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Bowever, with the change in poLynofphic fom of the 

reaction product it was suggested that the reaction 

neclianisci also changed# 

Sone preliniuary investigations on sinultaneuus 
fom at ion of hexachloro con pounds were also carried out 
hy heating sodim chloride spheres with vapour mixture of 
zirconitn tetrachloride and hafnlin tetrachloride. In these 
experinents, additional investigations were perfomed to 
ascertain the partial pressure of reacting gas. mixture and 
the conposition of the gas ph^e* Total pressures were 

detemined hy seperate experiments, 

\ 1 “to 'I ft 

Boy Bhat , and Reddy designed and fabricated 
an apparatus for kinetic studies hy transpiration technique. 
They had investigated the kinetics of the reaction ZrCl^ 
vapours with particles of NaCl, KGl, and nixtures of these. 
It was shown that ’’the reaction with pure KGl was faster 
than that with pure NaGl, 

Vapour pressure neasurenents over ZrGl^ , HfCl^ , 

10 

NagZrGlg and NagHfClg osopounds was carried out hy Bhat 
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also nade theoretical calculation fractional deconpo- 
sition and suhlination of compound Nag ZrCl^ . The calcu- 
lations were done for different gas flow rates , different 
initial coapositions of the vapour and for different final 
con posit ions of the vapour. It shown that 
increase in solid flow rate and decrease in gas flow rate 
decreases the nuaher of plates necessary to achieve any 
predetemined seperation, 

Reddy^^ further extended the aeasurenents and 
detemined the relative stabilities of hexachloroconpounds 
of Potassim, RubudiuD & Cte^iin, Reliability of consistent 
pressure neasurenents was obtained by using the tin isoteni- 
scope. ifowever Siaae pressure data for sone conpounds differs 
significantly fron tl<>se available in the literature. But it 
was generally proved the zirconates for alkali netals were 
raore stable than the corresponding hafn«.te 9, 

Kinetic studies conducted involving flow of tetrachlo- 
ride gas ( ZrG|j )/ through packed beds indicated that initial 

stages of the coapound foraation reaction nay be understood 

19 

in terns of Jander*s . Model for gas solid reaction. 
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Conparitively saaller values of rate constant as o'btained 
fron the data, indicated that the mechanisua oi the 
reaction in the initial stages nay he different fron that 
prevalent in the later stages. The rate constant values 
however Indicated that any scheme based on fractional 
sublimation of hexachloro hafnate zirconate mixture oust 

make provisions for increasing the reaction rates by using 
higher pressure and tenperatures, smaller particle sizes, etc. 

1.4 Aioi of the present work 

The aim of the present investigations was 
twofold. Firstly it vas *0 substantiate data on the reaction 
of 2rCl^ vapours with a bed of sodium chloride particles as 
a function of tine pressure and temperature. The study aimed 
at collecting sufficient relevant data to establish the rate 
and the model of reaction mechanism under various experiment- 
al conditions for use in the operation of a reactcr designed 
for use in Zr- Hf seperation. The second aim was to actually 
fabricate the reactor whose basic design was finalised by 
Beddy. Begarding the first aim, particular emphasis was 
laid on reestablishing the rate of reaction of ZrCl^ with a 
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packed bed of NaCl & KCl particles as a function of the 
composition of the bed. Con positions at which unusually high 
reaction rates could be obtained were to be established 
clearly. 

The present report conprises of six chapters. Mter 
this chapter the next chapter 2 deals with theoretical consi- 
derations regarding the heterogenous gas- solid reactions and 
deals with nainly the kinetic aspects of the reaction of 
zirconiun tetrachloride with alkali chlorides. This is then 
followed by the chapiier on experinental procedures. Chapter 4 
gives the results and discussions. Chapter 5 gives, an engi- 
neering description of the reactor for the fractional subli- 
mation of ZrCl^, designed and fabricated in this laboratory. 
Chapter 6 sixin arises the nain conclusions of the present 
investigations and lists soae suggestions for future work. 


The thesis is concluded by a list of references. 



CHAPTER -WO 


GENERAL 

Now cateilytic gas solid reactions are of considerable 
industrial inportance and are widely utlized in chenical 
and netallurgical industries. Exaaples are reduction of 
oxides, reduction of netal halides ( Kroll*s process), 
oxidation of aetals, gasification of coal,etc.The reactions 
can be classified according to the phases in which the va*- 
rious species occurs or by the node of the reaction* They 
are also classified according to the nature of the product 
whether its a poreus or non porous* 

2,1 The alkali he xachlorozirtf? nates an d haf nates 

Under suitable conditions both zirconim and hafnim 
tetrachloride react with each alkali chloride e.g. Nad/, 
KOI, RbCl or CsCl to fora he xachloro con pounds of the type 
Mg^Cl^ where M lo presents alkali cation and X either 
zirconiin or hafniun. In general the hexachloro con pounds 
represent highly stable foras of reactive tetrachlorides. 

When anixture of the tetrachlorides of zirconium 
and hafnitn in the vapour stale .,is passed through heated 
NaCl ( or any other alkali chloride )the vapour becones 

the reaction proceeds, Gonse^luently 


richer in zirconiun as 
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the solid: phase exhibits a higher halniin content when conp- 
ared to the orginal vapour.Zirconiua and hafnim tetrachlorides 
react with alkali chlorides according to the following 
2NaCl + ZrCl^ « NagZrClg 
2NaCl + HfCl^ * NagHfClg 
The con pounds fom Ideal solid solution. While the te- 
trachlorides are highly volatile, the hexachlorocaa pounds 
esfihifcits nuch lower pressures* Ihus these c(xi pounds may he 
looked upon as stable fonas of the tetrachlorides* In recent 
years several, investigations have been reported concerning 
the stabilities of these compounds , the kinetics of their 
fomation, thie phase diagrams and the jdiysical properties. 

Hie hexachloroccra pounds axe of interest in fused salt extra- 
ction in view of their stabilities which are further enhan- 
ced by dissolving them in alkali chlorides* But such solu- 
tions are not always the jim ally stable and losses of the 
volatile tetrachlorides through distillation may present 

problems* -f^lso the deposits obtained are usually dendritic 

20 

or a loosely adherent metallic powder* Plengas and Pint 
have investigated various factors in selecting a potential 
fused salt media for zirconium and Hafniimi extraction and 
have studied’ the stability of some of the hexachlorocomp— 

ounds of zirconiua and hafniici* According to them, solutions 

* 

of these compounds in alkali chloride melts suitable for 
yin open elect^lytic cells under inert a'baosphejre* 
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The MCI- MgZrClg and MCI- are related by 

sinple eutectiatype of phase diagrams which clearly indi- 
cate the stability of the congruently nelting chloro comple- 
xes* Thns at a given temperature, a decomposition equllibriwa 

MgXClg a 2MC1 + xa^ (1) 

(sy ly or sol.). (sy ly or sol . ) 
establishes higher equilibriixi pressures of ZrCl^ over the 
tetrachlorozijDD onates than that of HfCl^ over the tetrachlo- 
rohafnates. It is thus possible to achieve a the mo dynamic 
separation of zirconim and hafniicj* 

A typical i^ase diagram for the system Md-XCl^ is 
shown in the figure 2a. Bie compound rich side of the sub- 
system MCI- M^XCl^ is of special interest here. The corres- 
pondence between the pressure temperature plots and MCl- 
MgXClg phase diagrame is obtained from the following 
considerations. 

The equibibrim vapour pressure of the tetrachloride 
is detemined by the decomposition reaction for which the 
equilibrium constant is 

2 Y P 

^ MCI ^ Xd . 

K s Z 

Where ’ a* is the activity with respect to the pure solid at 
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the standard state and the partial pressure of the tetra 
chloride in the gas pkQ.se » 


Since there is no solid solubility, the equillbrim 
constants e^luals the partial pressure below the eutectic 
tenperature and is given by the Vant Hoff relationship 


d in / d (i/T) = / R 


4 


( 3 ) 


where A H®rj is the standard heat of reaction ( assuEied 
constant over a United range ), the plot of log 
versus recip»ocal of tmperature would be linear.llie pre- 
ssure values are also Independent of the conposition of 
MCI - MgXCl^ mixture in this tenperature range because 
the pressure over the alkali chlorides are negligible. 


®ie second region of interest includes all ccaapo- 
sitions in MgXCl^ side of the euteotic, defined the 
corresponding eutectic tenperature Tg, and the liquldus line 
In this region solutions of MCI and MgXCl^ and 
with respect to MgXClg Solid i.e, always unity, 

therefore ^ (4) 

4 2 

^C1 

The pressure vJ^lues should therefore Increase more 
rapidly, once the eutectic tenperature is exceeded because 
their is always less than unity 

For all the solutions just above the eutectic tenpe- 
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raturej^Qj^ has comon value, naaely, the activity of MCI 
in the MCI- MgXClg eutectic ccaposition. As the tenperature 
is increased, changes along the liquidus line, Ihe trend 

is again comon for all ccanpositions upto the liquidus tempe- 
rature. Thus for all compositions in the subsystem MCl-MgXClg, 
the pressure - temperature plot has a common trend upto the 
liquidus line. 


Beyond this liquidus traaperature the system at any 
ccaposition is described by an homogenous solution of 
MCI - MgXClg and by XCl^ vapour. Bie equilibriua vapour 


pressure of the tetrachloride is now given by 
P„„ 


Xd 


( 5 ) 


MCI 


The pressure curve will undergo a decrease of slope 
because of the introduction of a iif^xcig More over 

P YCl Vary with tenperature mostly due to the 

variation of K, The pressure temperature curve would be 
again linear over small temperature ranges above the liquidus. 


Differentiating the free energy equation with respect 
to tenperature and combining it with Gibbs - Helmholty it 
is seen that 


din P 


XCl, 


d Cl/T) 


- ^ -( AH”^2XClfl * MCI ^ 


R 


Therefore the plot of log XCI 4 versus (1 /t)® E is again 
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linear over a United tenperature range provided the terns 
within brackets on the right hand side are snail conpared 
toAH®jj , otherwise the line would he curved. 


Considering the conpositions ifi. the MCI saturated 
side of the eutectic at ^ » where Tj^ Is the liquidus 
tenperature, the phases present are pure solid. MCI in equi— 
lihriin with a solution of M 2 XCI 6 , MCI and XCI 4 vapour. In 



^xci^ ’ ® M2XClg 

For a given nlxture, increasing the tenperature to 
that above the eutectic would cause a decrease in slope of 
the pressure curve. The predicted shape of the ccaanon press' 
ure curve representing the liquidus line for the phase 
diagrsn is given in the figure 2 (b) . The pressure for 
liquidus line for Md decreases as the solution beccxae more 
dilute in MgXClg and eventually reaches zero at the melting 
point of pure Md. 


For tenperature higher than the liquidus temperatures, 
equation ( 5 ) again becones applicable and the pressure curves 
for various ccaapositions slope upwards at the oorrospending 
liquidus tenperature as shown in curves 1,2,3 in the figure 

2 Cbl. 
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The available Infomation on the phase diagrais in 
tli%se systaas is suonarised in figure 3. The pressuyea 
over sone coapounds have been shown by Bhat^^» to be given 
by the following equations t 


Conpound 


ZrCl^ 

: log P 

Hfd^ 

s log P 

NagZrClb 

i log P 

NagHfdg 

* log P 


Equation Teaperature 

ZrCl = ”2553.6 -*6,00 (210-382) 

Hfca^ (torr) = -5116, 4 ^11.57(190-323) 

Na^ZrCl^- ( -do - ) ^7965 . 9 ^11.51(439-646) 


2,2 Kinetic studies on Zr (or Hf)ca .|,^ ~ NaCl s vs ten usin^ 
single crystals 

The kinetics of hexachloroctaa pound foanation 

is dependent upon a nuaber of factors viz. the tetrachloride 

gas pressure, toaperature, nature of the salt, tine of reaction 
2i 

etc, Dutrizac studied the kinetics of hexachloroccaa pound 
fomation by the reaction of the tetrachloride gas at a 
given pressure with a single crystal of the salt at a 
given teoperature, 

t 

The nethod consisted of neasuring the weight gain 
in the single crystal of the salt when reacted with the 
tetrachloride vapours, A schenatic diagraa of the apparatus 
used is given in fig, 4.Weight gain neasurments were done 



FIG 3 SCHEMATIC PHASE DIAGRAMS 

(FROM THE LITERATURE 15, 20l 
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stipulated Intervals of tiae using a Quarts spring Iron 
whicli the single crystal was hung hyaeans of a fine platinuD 
wire* The tetrachloride pressure in the systen was kept 
constant hy carefull.y naintaining the tenperature of the 
hulb containing the tetrachloride* Siinilarily the tenperature 
of the single crystal, was nalntained constant at any desired 
tenperature. Condensation of the tetrachloride in the systen 
‘was avoided hy heating arrahgenents at proper places. Before 
producing tetrachloride vapours it was absolutely necessary 
to evacuate the entire systw otherwise the results could he 
nisleading* Before the start of the experlnent roon temperature 
calibration of quartz spring was done in the following manner* 

Suitable weights were attached to the quartz spring 
balance and the change in total length of the spring was 
ueasured by a cathe tone ter. The spring constant was then 
detemined. The roon taaperature spring constant had to be 
converted to the appropriate high temperature value using 
standard spring theory* 

Spring constant x E (gm/cn) = (?) 

where K® is approxinately constant for quartz and G is 
the shear modulus of the spring material which is tempera- 
ture dependents Ihis simple equation with Horton »s values 
for the shear modulus of a function of temperature was then 
used to calculate the high tenperature for spring constant* 
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Experlnents witti single crystals of sodimi chloride 
with zirconiua tetrachloride yielded certain interesting 
results* There was a parabolic relationship between weight 
gain and tine of reaction suggesting th&t the kinetics of 
the hexachlorocon pound foreiation is diffusion controlled* 
Increases in the teaperattl|^ and the pressure of tetrachloride 
resulted in increased weight gain for a given tine of reaction. 
This has connercial signif ic£nice in the preparation of hexa- 
chlorozirconate or the chlorohaf nates* Also, since the reaction 
is found to be diffusion controlled, finer pairticles of 
sodiua chloride and higher gas pressures should favour 
faster chlorozirconate and chlorohafnate fomation*. 

2*3 Kinetic studies on Zr(orHf );Cl ^v NaCl system using single 
spheres * 

Mazmdar has studied the kinetics of fonaation 
of double ccmpoundSjNagZrC]^'' using the principle of thermo- 
gravinetry in an all glass closed aK^aratus. A schenatic 
diagrsn of the apparatus is given in figure 5* The set up 
consisted of a vertical reaction chaaber connected to a gas 
generating bulb containing solid tetrachloride (ZrCl^, Hfd^, 
or nixture of the two)* The sodiua chloride sEtiere w s» 
suspended fron a calibrated Quartz suspension siting into 
the constant tenperature zone of the reaction chenber* A 
seperately heated connecting tube led the vapours froo a 
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I* TROLLEY FURNACE 

2- ALUNlNRiM BLOCK 

3- BULB CONTAINING TETRACHLORIDfe 

4- MEASURING THERMOCOUPLE 

5* CONTROLLING TI-JERMOCOUPLE 

6- SPRING HEATER 

7- QUARTZ SPRING 
8' QUARTZ BASKETr 

9' SODIUM chloride BALL 
10* REACTION FURNACE 
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heated hulh into the reaction chapber at a constant teopera- 
ture. Other heating arrangeaent s were provided at iproper 
places in the apparatus so that there was no condensiltion 
oi the tetrachloride vapours* All weight gain measurenents 
were obtained using a quart* spring. Weight change was 
recorded by neasuring the change in spring length viewed 
through a narrow silt in the refractory casing that diSrroun- 
ded the spring region of the apparatus* 

Ma*U3dar*s apparatus was designed to study the effect 
of parmetera such as reaction teaperature, gas pressure and 
sphere size on the rate of foination of hexachloroccaapounds , 
Inert marker experinents were also carried out to aid the 
kinetic analysis* His experiments showed that the kinetics 
was essentially a product phase transport controlled process* 
The kinetics of formation reaction were found to be more 
favotirable at higher gas pressure and higher reaction teniiera~ 
ture and smaller sphere size* Ife also studied the rate of 
reaction of HfCl^- Zrd^ vapour mixture with NaCl spheres 
and showed that the reaction is controlled not by kinetic 
factors but by the exchange reaction 

Na^^rGlg + HfCl^ = 


NagHfClg + ZrCl^ (o) 
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2* 4 Reactions involving Non-Tjorotis product 

Solid gas reaction aodels essentially are rate 
equations expressed in terns ot paraieters which charact- 
erize one or nore of the reaction steps viz.chetaical reaction 
at the interface, transport through the solid reaction 
product the surrounding gas phase ♦ The reactions nay 
Tbe under single or nultl step control, Ihe manner in which 
reaction steps can he synthesized for building a represen- 
tative model primarily depends on the nature of both the 
product and the reactant solid i«e, the extent of porosity. 
Figure 6 depicts the various situations that can be encoun- 
tered, A sharp Interface maEj,** result lor both porous and non- 
porous product layer, figure 6 (a) , In this case the reac- 
tion steps leading to the product fcanation occur in series. 

Diffused reaction interface figure 6 (b), is often 
contended as the nost general manner in lAlch heterogenous 
solid-gas reaction can talse place. It has been argued that 
for porous reatant and product, and under the condition 
of nixed control, the reacting gas nay diffuse past parti- 
ally reacted solid particles. In other words, reaction may 
occur in diffused zone, where concentration gradient occurs 
both in the solid and the gas phase. 

The third posslbUlty is occurance of the reaction in 
virtually homogenous nanner. If the porosity of the reactant 
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solid is very high, the reactant gas Day pemeate right into 
the central core. Under such circuDstances the reaction tafces 
placa in the entire solid sinultaneously and a concept of a 
reaction Interface virtually disgappear as in figure 6 (c). 

A large nun her of reaction nodels have been mroposed 
to quantitatively, explain the kinetics of all the three 
classes of reactions. If the reaction product is non— porous, 
the resistance by the boundary layer nay be neglected as 
compared with the solid product layer. If diffusion through 
the product is the rate Uniting step and the reaction inter- 
jQa,ceis plane, then the rate of chenical reaction i,e, the 
rate of thickening of the product layer is inversely propor- 
tional to the thickness 


^ * 
dt 


y 


C9> 


where E* is the reaction rate constant and y is the thict- 
ness of the product layer. Integration gives 

y^ _ 2E»t (la) 

This is the well known par*bolio IfiW, If the 
solid is in the fom of a sphere the above PaJ^bolie- lai** 
will not hold because the surface area for the reaction 
changes continuous! yduring the reaction, A niiaber of 
solutions have been proposed for s^ierical particles; 
Jander*s approxinate equation, a stoplifled equation due 

to Crank Ginstling and Brounhstein and Carter Valensi’s 
exact solution. 
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Jander*s solution 

Jander developed an approxinate solution ty 
using the equation of the parahollc 1^. If r q is the 
initial radius of the particles and^^^ is the density of 
the reactant, then the fraction re acted, F, will he given hy 

P = - V3A(rp- yi^ fr ( ) 

^ y)^ 

4 

so (12) 

By substituting the value of y into the parabolic law 
equation we get 

[i - C 1 - P =* 

where t is tine in hours. 

The Mnitations for this nodel are that the equation 
is correct only if the voline of the unreacted core plus the 
volme of reaction product equals the volume of orginal na- 
terial. Ihis holds approximately at the initial stages of 
reaction. 

27—20 

GranhHirlnstling and Brotaistein simplified model 

Ihese researchers developed a rate equation hy taking 
a simplifying assimption that the volume change of the 
sample with time is zdro. 
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Ilie e equation is 

= l-2/3F-(l-P (1^) 

or * 1 - 2/3 F ^ ( 1 -* P (15) 

where Is the nolecular weight of re actant ^ D is the 
diffusion coefficient, C is the concentration of the reagent 
and0(^ is the stoichioaetry factor. 

This equation has heen foiind to give better agree— 
nent than Jander’s equation but stilL it fails at higher 
percentages of reaction because it does not tate into 


account the change in volme of the sample with tine* 

Carter Valensi^s exact solution ^ 

llie exact rate equation was developed independently 
by the Carter and Valensi. The equation is 

(1 + ( z - i ), + (;z-i ) (i-p 

where Z is the swelling peraaeter and is the reaction 
rate constant, Ihis equation has been found to hold upto 


10.0, percent of the reaction. 



CHAPTER -THBEE 


EXEEHIMENTAL 


3*1 General- 

The ZrCl^Cg), HfCl^(g) - NaCl systen presents several 
experinental difficulties. Sone of these are as follows 

C?- / 

(i) !nie vapour pressures these ccaapounds i HfClj^ ana 

ZirCl^ ) are often very high. Ihis precludes the use of opon 
cell and necessiates the enploynent of isolated vessels which 
oust he heated sufficiently to prevent condensation of the 
gas in the apsparatus. The teaperature in the caaplete systeia 
should be higher than the teaperature of the bulb containing 
ZrCl^Cs) or HfCl^Cs),. If at any point the teaperature drops 
down below the bulb teaperature, condensation will occur and 
a pressure lower than in equilibriai with ZrCl^(s) in the 
bulb will be established in the systea* 

(tl) All chlorocoopounds of zirconiaa and hafniua are very 
hygroseopic and absorbed water cannot be renoved without 
effecting coajpsitional changes in the s^ts. Purthe r, the se 
conpounds have high affinity for oxygen. Thus, all the 
handling aperations aust be carried out in a dry box fitted 

with dry inert gas. 

Ciii) These chlorides are highly corrosive in nature. 
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Tills fact together with high reactivity of ZrCl^ and HfCI^ 
vapours towards oxygen and noisture precludes the use of 
general corrosive naterials. 

Civ) The alkali halides are very hygroscopic. Unless 
the noisture is coopletely renoved frcxa alkali halide sanple, 
the vapour ( Zrd^) nay react with it to fora a coating of 
oxychloride which nay hgpper the reaction rate. This requires 
a prolonged heating of the halides in the vacutn to renove 
noisture. Certain -alkali halides are so hygroscopic that 
the noisture cannot he renoved hy heating without conpo^l- 
tional changes. 

3.2 Transpiration technique 

This technique essentially consisted of passing 
the vapours of the tetrachloride over the alkali chloride 
particles with Ihe help of a carrier gas. Essentially it 
allows for the reaction between the tetrachloride vapours 
and the alkali chloride 'Without allowing any condensation 
of the tetrachloride over the alkali chloride, A schenatic 
diagram of the apparatus is given in the figure 7. The 
technique as practised in the laboratory h^ certain 
special features with respect to the apparati«i used, 

1. Hiere is provision for purifying the carrier gas 
by use of associated gas train, 

2# The tranperature of the syst^ can be adjusted so 
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as to get a definite partial pressure of the tetrachloride 
under the given experinental conditions, Ihe temperature 
of the alkali chloride can he maintained at any level, 

3 The exceecs tetrachloride vapours are allowed to 
condense in seperate condensation unit fraa where it can 
washed off, 

4, Ihe technique also has provision for allowing 
measurements of the steichiccietry of the substance after 
reaction. 

The transpiration technique has wide applicability 
and its accuracy is often reported to be excellent, This 
technique can also be used to measure the vapour pressure 
of the volatile compounds provided it is not very low. 

However, with proper design, even low vapour pressures 
have been measured using this technique with fair accuracy, 

3*3 Bescription of the apparatus 

The apparatus as shown in figure 7 has the following 
distinct parts 

1, The gas train for purification of the carrier 
Argon gas. 

2, The generating furnace where ibrgon is saturated with 
the tetrachloride vapours. 

3, Ihe reaction chamber with a consrtant temperature 

zone where in the alkali chloride reacts with the tetrachloride. 
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4. Kie cleaning unit for cleaning out the condensed tetra" 
chLoride. 

Argon is purified hy passing it through a calciin 
chloride tower and over heated titanitu powder. Hie flowing 
carrier gas is saturated with tetrachloride gas vapours in 
a generating chanber, the tenperature of which is maintai- 
ned constant. Hie tetrachloride vapour then passes throurb 
the reaction chamber where it cones in contact with alkali 
chloride particles kept in a tube closed at its end by glass 
wool* Any organ gas, escapes through a sul iirlc acid bubbler. 
Hie flow rate of Argon gas is nonltered by a gas flow meter 
attached to the system Innedlately after the gas train. 

In order to obtain reproducible results in the 
experiments using transpiration technique, it is absolutely 
essential to specify the flow rate of the carrier gas and 
the geometry of the systai. Hie flow rate must be suffici- 
ently slow to ensure that an equilibriin pressure of the 
tetrachloride vapour is established in the system. At very 
slow flow rate diffusive flow of vapour becoaes predcralnant 
than convective flow, which is not desired as it leads to 
uncertainities in the pressure of the tetrachloride gas. 

At very high velocities, on the other hand, the appairent 
partial pressure measured is low because of non-equillbriiia 
conditions, -^y predeteimined flow rate of the gas is ensured 
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by maintaining a constant liquid height difference in the 
alias of the flow meter, Ihe tetrachloride saturated gas 
flows through the system. The partial pressure can be cal- 
culated for each run in the following way 

suppose the loss in weight of ZrClj^ = X in one hour. 

Number of modes of ZrCl^ lost « X 

233.05 

Let the flow rate of Argon = y co./ min. 

Total nmaber of moles of Argon passed^ 1 7 

dL OOO X 

Partial pressure (lan ) = ^ 

r 6 q + ^ 

IQOO 3c224 233*05 

, ^ 

This experiment is repeated for different flow rates 

of the carrier gas. The results of these experiments are 
shown in B - With thp help of figure 8 the opti- 

mum flow rate of the gas is deteinine-d as also the tine 
allowed lor the reaction. IThe rate «aplo 3 red in present set 
of experiments has been 176 cc/ min. and a reaction tine 
of one hour is chosen lor the partial pleasure effect runs, 

• ^ Distillation of Zirconiua Tetrachloride 

Before the st^grt of a set of runs the tetrachloride 
was distilled so as to remove impurities, if any, Ihe dis- 
tillation apparatus consisted of a. long one end closed pyrex 
tube attached to a vacuua line as shown in figure 9, 
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The "tetrachloride was introduced inside the tube in a dry 
box under inert alznosphere of ihrgon. On top of this soae 
copper filings were filled aoid finally it was seperated 
froa being sucked in the systen by a luap of giass wool. 

This tube was then sealed and connected to a vacuuD line. 

The systen was then thoroughly evacuated at about IbO^C 
with the tetrachloride end being inside the furnace for 
about 20 ninutes to renovethegoscs . Then this tube was 
further heated to 325®®. This resulted in vapourisation of 
the tetrachloride which condensed in the cooler regions of 
the tube exposed to the atnosphere. This distillate Was again 
taken out in a dry box and redistill-ed once nore and then 
filled in the pyrex glass' bulb and sealed with wacx. 

3«5 Experinental procedure in the transpiration -technique 
Kinetic investigations with polycoystalline alkali 
chloride particles^ need standardization of the procedure to 
conpare the results of studies with different alkali chlorides 
or nixture of alkali chlorides. The following standard experi- 
nental procedure is enpioyeds 

The copper furnace was hea"t*d to 425 ®C while ^ke tita— 
nitd furnace was heated to 7®D®C« The temperature in the 
generating furnace was set at 3Q®®G^kile the reaction 
furnace was heated to 4Q0)®C and thus naintained for atleast 
"two hours before the start of the experiments. 









Having ensured that all the four furnaces were at the 
required tenperature, the entire gas train was evacuated upto 
50 nicron pressure and then the carrier gas was slowly adtaitted 
through it in stages so as to finally reach the reaction and 
condensation chaabers. Ihis flushing was continued for 2 hours. 
Flow rate of %gan was bept constant at iT^cc/nin. during the 
^fe gs u are effect runs but varied during the tcopciimture and tine 
effect runs. 

Solim chloride particles were billed in a glass tube 
md closed tho cnd(rith glass wool plug. The length of the 
chloride bed was about 25 on. This tube was weighed eapty and 
after the Nad filling to detemine the weight of Nad, This 
tube was then pushed inside the reaction chsober in the constant 
tenperature zone. Solid Zrd^ was taken in a K^rex glass tube 
open at both ends but with ends plugged with glass wool and 
then placed in the constant tenperature zone of generating 
furnace after weighing, ^mediately argon gas was adnitted 
after being preheated in the gas train, Zrdj^ sublines at 
200 ®C and gives out Zrd^ vapours which are carried away by 
the argon ga^. These vapours of Zrd^ pass through the bed of 
Nad and react thereby to fora sodiun hexachlorozirconate. 

The reaction of Zrd^ vapours with Nad is continued 
for constant tine period during the pressure effect runs but 
varied for tenperature and tine effects. -Also for taaperatura 
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effects the tenperature in the reaction furnace was changed 
to 350®C, 400 °G ,and 450 ®C. Sinilarily for tine effects 
keeping the pressure and tenperature constant in both the 

generating and reaction furnaces, the period of the reaction 
was varied.. 

After con pie t ion of every run, the ZrCl^^ bulb was 
taken out and stoppered. The tube containing sodim chlo- 
ride was taken out and kept in a dessicator for cooling. 
After cooling both these tubes were weighed again to 
detemine the loiirs and gain in weight respectively. 

For the weight gain experlnents for NaCl^Cl nixtures 
the data was taken after a suitable nixture of these by 
Weight percents was kept inside the reaction furnace and the 
procedure repeated with ZrCl^ bulb as above. 
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RESULTS AND DISCUSSIONS 


PreLininary results showed that the extent of solid 
gas reaction under the conditions of the present investigations 
is very snail* For such United extents of reactions Jander*s 
nnodel should he cpplicahle for single si^ierical particles. 


For a IP d of *n* particles, assiming each to be a 
sphere then each particle will react to the sspe extent for 
a given set of conditions* Jander^s equation is 

(1- C 1 - P ^ = Kj . t 

i.e. F = i - ( i 

when ‘n' particles react, we have P^ = Fg = = Fn 

nP = n\l - P] 

i.e. F = i - ( 1 V^j.t (10 ) 

This equation indicates that the sane dander's equation 
is valid for a pacted bed also provided 

a) Bach polygonal particle be assuned to be a SEtoere, 

b) The extent of reaction be so snail that each particle 
retains its identity and surface area* 


4.1 Establishnent of a fixed P^rCl^ in flowing gas strea m 
Grarto shown in figure 10 gives the weight loss 
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fron a ZrCl^ filled bulbs versus for different priod of tiae . 
Each point corresponds to an entirely independent run. It 
sbould be noted thiit the ZrCl^ filled bulb cannot be reins’" 
erted once it has been taken out for weighing to oeasure the 
weight loss. It also been observed that the ZrCl^ surface 
tends to beccne inactive while in the process of being taken 
out without neasurable change in weight. The figure clearly 
shows that the rate of weight loss is alnost reproducible 
fron run to run and renains unifom at least as long as 
30 hours provided that the geotaetry of the systea, the flow 
rate of carrier gas and the tenperature of the bulb renains 
constant. It is therefore concluded that the partial pressure 
of ZrCl^ is uniquely defined by experinental conditions, 

4,2 Effect of tjne 

The effect of change of tine on the reaction 
rate is shown in figure 11, The rate varies linearly 

for very low extents of reaction and thus satisfies Jander’s 

no del, 

4.3 Effect of tenperature 

The effect of change of t^pe nature of the 
reacting aone on the specific rate constant is shown in the 
figure 12, Here the Arrhenius type of equation relating the 
rate constant to the temperature of the reaction is plotted. 
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Froja tiie laeasured slope of *th 6 linear plot the temperature 
coefficient (apparent activation energy) of ZrCl'^ - NaCl 
reaction in the temperature range 350‘>C-450<»C is ewnputed in 

the figure 13 . This measured to he 6.9 Kcal/Mole. Earlier 
Luthra and Maziandar^ using the single spheie technique 
obtained values of 9.9 and 7.5 Kcal./mole respectively in 
440— ■^0“C temperature range. 


4, 4 Effect of pre s sure 


The effect of tetrachloride pressure on the rate 
of foimation of NagZrClg is shown in figure 14(pk,)It stiggests 
due to its lineanrityf a power relationship between the ga^ 
pressure and rate constants. Empirically the pressure Bt 
effect can be represented by 

K OO p^/” (19) 

VI 

l-O^ 

Where pressure coefficient *n* has a value of at 400®C 

for Zirconiim. This value of n was obtained from the slope 
of the graph^.Pint and Plengas had studied the effect of 
pressure and reported the zirconiun reaction to follow 
1/2,8^^ power at 480®C and Luthra reported *n* to be equal 
to 2,4 at 500 ®C whereas Maztmdar reports it as 1,98 at 450'’C, 

4.5. Effect of addition of potasslu a chloride: 

The weight gain effect for KCl and NaCl mixture is 
shown in figure 15.. One might expect a linear varlfckio ^ ^ 

km. 
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(algeluraic sutanation). M in the case of Bhat^ the phenomenon 
is explained on the basis of overheating* It is attributed 
tothe exothermic nature of reaction for hexachloride formation 
thus leading to local overheating and consequent increase in 
reaction rate, Also overheating causes localized melting to 
produce liquids of uncertain compositions. In this case the 

if 

gas reacts faster with material* Also it does not match with 
Hi at to the extent that in his case two peaks are found 
occuring consequently whereas here the second peak appears 
at the KCl rich end* 

Figure 16 shows the diagran for NaCl-KGl system. It 
is noted that the experiments are conducted at the temperature 
of ‘(«00®C for which the phase diagram does not show a complete 
solid solution throughout. But it is to note that the peaks 
are obtained both in the regions where there is a change over 
from the solid solution to the crystalline phase aid vice- 
versa. The system itself being a complex one and in absence 
of detailed infOLination of various compounds and solutions 
involved no definite explanation can be given* 

Even though definite conclusions cannot be drawn 
from the results with mixtures of polycrystalline particles 
a very important observation different from the earlier ones 
stands out as follows : 

1) Shall additions of KCl (upto 10 weight percent) 



TEMPERATURE OF GENERATING FURNACE = 300®C 
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100% N&Ct Wt% KCl 

FIG 15 EFFE'GT OF KCl.-NaCl MIXTURE 



DIAGRAM 
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in the Nad uiixture increases the reaction rate considerahly. 

2) Saall additions of NaCl (npto 20 weight percent) 
to Ed mixture increases the reaction rate considerably, 

3) Reaction rates are faster on the sodium chloride 


rich ends. 



CHAPTER- FIVE 


REACTOR DESIGN AND FABRICATION 

Whenever a mixture of the vapours odf zirconium tetrach- 
loride and hafninn tetrachloride is passed a bed of sodiim 
chloride C or any other ;Chloride) the unre acted mixture of 
the vapour is enriched in ziroonim* This can he attributed 
to kinetically and energetically more favourable reaction of 
hafniufl tetrachloride with sodiun chloride. The free engergy 
changes for the reaotiotn of these tetrachlorides with alkali 
chlorides also detennine that this sepe ration is theimodyna- 
mically possible. Based on these arguments a reactor was 
designed, fabricated and assanbled. 

Due to the reaction being heterogenous and extremely 
slow in nature, a continuous exposure of fresh solid surface 
to the gas phase, would help considerably in increasing the 
reaction rate. Further as the reaction is assuned to be 
diffusion controlled, the stripping of the product phase 
from the solid phase would facilitate the contact of reactive 
vapours with the unreacted core of the solid. Both purposes 
e.g. continuous exposure of new surfaces of solids and conti- 
nuous removal of the product phase from the unreacted core, 
is achieved by a screw conveyor* reactor. In a screw conveyor 
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the screw shaft rotates continuously forcing the solid parti- 
cles to roll and collide all the tine* Hie path of movement 
is along the axis of the screw* 

5.1 Desifin details 

The reactor designed for the seperaticn is long 
tuhe of inconel. Three feed inlets are psrovided for either 
solid or gas. TVo of these inlets are at the flange ends 
and one in the middle of the tuhe length. The inlet tubes 
are along the length in a simple row. To collect gas samples, 
four tubes as gas staple collectors are provided at an ^igle 
to the feed inlet and are spaced 30 cms, apart, 

A screw shaft, which rotates inside the reactor 
body, does the work for carrying the solid frc«i one end to 
the other. The flow of the solids can be changed by reversing 
the direction of the screw shaft.sSblid sodium chloride can 
be fed at one end from a reservoir and the tetrac^iloride 
vapours are fed through the feed inlet along with the 
carrier gas argon. The unreacted vapours of the tetrachloride 
are allowed to condense in a conden«or cooled with running 
Water, The solid flow thiough the reactor end® in a sink 
through the outlet at the bottom end of the reactor, Ihe 
solid flow rate is controlled by regulating the rotation 
of the screw whereas the vapour flow rate is controlled by 
argon gas flow rate as well as the temperature of the 
tetrachloride source* 
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Eie tetrachlorides being re actiye vapours, special care 
is taken to see that these vapours do not ccxie in, contact 
with water vapour of the atmosphere. Hence, the entire rea- 
ctor is leak proof and the system does not come into direct 
contact with atmosphere. 

As far as possible the temperature inside the reactor 
is maintained constant along the length of the reactor by 
properly providing the kanthal winding for heating along 
the surface length. The temperature profile is determined 
by using a thermocouple along the length of the hollow 
tube of the screw shaft. 

The saaple collectors are designed to incorporate 
cold fingers as shown in figure 17. One of the cold fingers 
is for the feed inlets while the other one is for gas ssmple 
collection. During normal operation no tetrachloride condenses 
on these. However, when, heating of the outlets is switched 
off and cold fingers are cooled by water flow, tetrachlorides 
are condensed easily. 

Feeding of tetrachloride is by taking a standard 
bulb filled with a weighed quantity and pished inside the 
feed inlet and stoppered. As it sublimates the vapours are 
carried along in the reactor by the argon gas flow, maintai- 
ned through a gas train, €tt right angles to the feed inlet. 
This eliminates any possibility of forced carry over of the 
tetrachloride particles# 
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5*2 Fabrication 

Various conponents of ‘the whola reactor were 
fabricated seperateliy and affseinbled as per the drawing. 

5»2»1 Reaector 

The main reactor shell is laade of two inconel 
tubes welded together# The dlaaeter is 64 raa and the length 
between the flange ends is 9QQ on. The feed Inlets are made 
of stainless steel tubes 25 nm in diameter and 240 on in 
length* These are welded to the reactor body at right 
angles* The sample collector are aade of stainless steel 
tubes of 8 nn diaaeter and 150 m long* These are joined 
parallel to each other, perpendicular to the reactor body 
and spaced 300 m apart* The angle between the feed inlets 
and the saaple collectors is 45 •* 

Brass; flanges having *0*' rings to act as sealing 
gasket are used to close the ends of the reactor body, -Also 
•Teflon bead® is put into further prevent the escaped of 
gases during operation. 

5*2,2 Screw Conveyor 

This con prises of a hollow stainless 
steel tube about 2*05, neters long and loa nn in dimeter 
on which a plate is twisted in such a fashion as to fom 
a helical spiral around it which gives the novenent like 
that of a screw* This screw is specially nade frm pieces 
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cut Iron stainless steel sheet of the size of 58 nn x 58 ran 
and 3.2 nn thick. In the centre of these pieces 10 on dia- 
neter holes are drilled* Several of these squares are raounted 
on the nandrel of the lathe and nachnined to natoe then circu- 
lar discs of 50.,,5 nn diape ter, Ihese discs are cut along the 
radius and subsequently turisted as to fora a helical fin. 

IhesG fins are then aounted on the central tube and then wold»d 
■welded to each other, Also ends of each fin is vfelded to the 
neighbouring end, Kiis is continued for 1,5 neters along 
the length of the screw shaft* Hie edges of these fins 
were again ground so as to fit inside the reactor shell. 

Hie shaft is haanered straight after welding length 

because of the bending due to heat* 

5,3 Ass«3bly 

The screw shaft is fitted into the reactor 
and its flanged ends closed with *0* rings and Teflon beads. 

Hie central hole at the flanges through which the screw tube 
passes also has a a Teflon ring fitted so as to avoid escape 
of gases. Hie whole reactor rests on a stand by neans of 
■ttiree claaps bolted in the base plates of the stand. 

The screw conveyor ends rest through two pi inner 
blocks which support and provide, the bearing aovenent for 
rotation. These blocks are set ui>on two wooden bliocks which 
are fixed to the base stand. One of the ends of the tube 
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lias a handle fixed so as to provide aaterial noveneot at a 
very slow r.r*n.of the screw, 

Spcial heating arrangenents are provided to the 
reactor so that reactions occur at high tenperatures along 
with no condensation of tetrachloride inside the reactor. 

The reactor winding for heating is done in four segiaents. 

Two segiaents are between the flange ends and the two feed 
inlets and outlet, 3he other two segoents are between 
those two feed ends and the centre feed inlet/outlet, 
iKLl these segDcnts are electrically fed through seperate 
var iacs, Ihe kanthal heating elenent used is of 18 SWG, 
Swedish nake. The sepple collecting tubes and feed inlet 
tubes being thinner in cross section are heated with ele- 
nonts of higher resistance i,e, 28 SV^G of Nichrcqe, Each of 
these heating sections are connected through seperate variacs . 

Hie whole length of the re ac ter and the inlet and 
sanple tubes were applied with a 2 <ns thick layer of fire 
clay and corrunden paste so at to provide a refractory 
coating to the reactor. This layer is again covered by 
flexible asbestos sheets to provide an insulation against 
short circuiting. The heating eleaent wo^^nd over this an^^ 
then covered with refractoiy rope and cloth to reduce the 
radiation losses, A few extra rounds of wire heating elements 
per linear length is provided near the saople collector tubes 
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because of sone are of reactor being not accessible for 
winding due to elenent crossing and thus conpSnsate for 
heating loss. 

Suggestions for exnerinental work 

The detemination for the feasibility of seperation 
of hafniun fron zirconim depends upron a nmber of factors. 

the coiiclusions drawn so fur regarding this systen have 
to be incorporated when talcing up the study on the reactor. 

The entire process of seperation depends on how fast equili- 
briua conditions 6ire achieved which is detenained the 
kinetics of the reactions vfcperlnents should be comducted on 
the systen to investigate the extent of reaction at the various 
stages of the reactor. For this, saaples should be taken and 
analysed. This will help in assessing the extent of seperation 
acheived for any particular length of the *e actor. This in 
addition defines the length of reactor as equivalent to a 
certain nunber of stages, -Also the analysis of samples taken 
can detemine the extent to which equllibriiaa has been acheived. 

The following experinents should be p«,rfoiiiied on the reactor, 
1, Fractional sublination of ZrGl^ using inert glass beads. 
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Tliis ^ill be a case of sublination without reaction 


equilibriim. 

2, Introduction of reaction equilibriin. For this ZrCl^ 
sublination and reacting it with sodi^ chloride particles. 

3, Fractional sublination with ezolusive dependence on exchange 
reaction. Efere NagZrCl^ particles should be introduced and 
hafniua tetrachloride vapours paased. 

4, Exchange reaction between 

can be studied by allowing then to travel together with only 


carrier gas passing fron feed inlet. 

For kinetic studies following experinents should be 

conducted. 


1 , Fixed Pi 


'n m vs flow rate should be established and a 
ZrCl^ 


flow rate thus can be obtained at which low P^rd^ 
attained. The change in pressure is incorporated by varying 


the teaperature fron 200°C - 300®C, 


2, Studies can now be conducted for rate of reaction of 
NaCl particles as a function of tine, teaperature of the - 
react®!^ and partial pressure at which tetrachloride vapours 


, are generated 
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3. As has been observed earlier, the reaction is accelerated 
by addition of iO % by weight of pottassim chloride, it 
shoxild be confixmed by actual experjnents and analysis of 
the sfipple# -Also this nay nove the operation closer to 
equilibrim conditions. 

Analysis of the ssDF^es Is a difficult proposition 
because of the two elenents hafniuD and zirconium being 
sinilar in nature thereby having a very comidLex ^alytical 
];a'ocess. Neutron activation analysis is ccaapaTitively exact’ 
one and this technique shouldbe perfected for a aore elabo" 
rate interpretation of the results. Prepraration of sapples 
obtained also is a area which requires a caieful investi- 
gation, The tetrachloride gas is corrosive enough to cause 


hain to the apparatus. 



CHAPTER - SIX 


CONCLUSIONS 

The present investigation shows that the kinetics 
of the reaction of tetrachloride vapours Zr(or Jif)Cl^with 
sodiun chloride particles can he understood in tems of 
dander's nodel. -‘kscordingly plots of versus 

tine are linear for given values of tenperatures and particle 
size* The dander's rate constant isfound to vary linearly with 
pressure i.e, KjC^. 

As expected Kj increases with temperature and the various 
curves follow the well known exponential relationship. The 
activation energy is approximately 7 Kcal./mole. These obser- 
vations are consistent with earlier work done in this laboratory. 

It is also shown that unexpected results are obtained 
for the reaction of ZrCl^ vapours with nixtuie of sodium 
chloride and pottassiio chloride particles. Pure KCl reacts 
firnore rapidly than pure NaCl. However reaction with mixtures 
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do not follow proportionally* Very high rates are obtained 
at about 10 weight percent KCl and about 20 weight percent 
NaCl nistures* 

A reactor has been designed and fabricated to acheive 

seperation of zirconiua froa hafhiuD based on fractional 

% 

decon position of the conpounds Na 2 ZrCl^ and NagHfCl^. A 
continuous exposure of new surfaces of the reacting solids 
with vapours and a continuous renoval of product phase fron 
the unreacted core is acheived in this screw conveyor reactor. 

The reactor is an inconel tube having feed inlets and 
saoplc outlets. There is a screw shaft which rotates in the 
reactor with the help of bearings and thus exposes the solids 
to the vapours in the process of noving the solids fron one 
end to another. This assembly is nounted on a stand. The rea- 
ctor is insulated and wound with heating coils. Unre acted 
tetrachloride vapours flow out and condense in a condenser 
goolndwith running water. Sodium chloride novenent can be 
controlled by regulating the rotation of the screw and 
vapour flov7 rate by the flow rate of carrier gas. 
and the temperature of the tetrachloride source. 
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